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~’his paper describes the iI~i~)]cII~eIlta.tioIl,  cxpcrimcntatioli,  and app]icatiol]  of cont-
act contro] schemes for a 7-DO)+’ llobotics  Rcscmrc}l  arm. ‘J’hc contact forces and
torques arc Incasurcd iII the scllsor franlc by tlic G-axis force/torque scIlsor n)ouI[tccl  at
the Wrkt, are COIIlpCTM@Ad  for gravity, and arc! then transformed to the too] fralIlf2 jn

which the contact task is defined and cxccutccl.  g’}Ic contact control schcmcs arc iln~jlc-
mcntcd  on the existing robot position control systcm at 40011 z, do not rcqu irc force rate
information, and arc extremely simple and coI nput ationa]l  y fast. ‘1 ‘hrcc types of coJl -
ta.ct  control schcmcs arc presented: compliance c.o])trol,  form co]ltrol, and dual  -]nodc
control. ]TI  t.hc  compliance contro] schcmc, t}lc contact force is fed back through a lag-
plus-fccdforward  compliance cent roller so that the cnd-cfl’cctor  bch a.vcs like a sl)ring
with a.djustablc  stiflncss  (i.c,, a programmable spring); thus the contact force can hc
control]cd  by the rcfcrcncc position command. III the force control schcmc,  a force
sctpoint is used as the command input and a proportional-plus-integral force controller
is clliploycd to ensure that the contact force tracks the force sctpoint  accurately. III
the dual-mode control scheme, the end-cfltictor  approa.chcs and inlpacts the reaction
surface in compliance mode, and tbc control schmnc is then switched autol[latically  to
force ]liod~ after the initial contact has bccII  mtab]ishcd.  II) the compliance Inodc,  this
sc, hemc rcduccs the system sensitivity to the surface locatiom so as to avoid cxccssivc
forces at impact. in the force ~oodc,  exact contact force regulation is ac.}licvcd  whic}i  is
robust to the surface stifincss.  ‘1’hc paper is conc]udcd with the application of the pro-
posed schcmcs to perform a contact-based edcly-current inspection task. 111 this task,
the robot first approaches the inspection surface in compliarlcc control until it feels that
it has touched the surface, and then autoniatically  levels the end-cfl’ector  on the surface.
I’he robot control systcm then transitions to force control and app]ics the desired force
on the surface whi]c executing a scanning motion. At the completion of the inspection
task, the robot first relaxes the app]icd fcwcc and then rctra.cts from the surface.



‘1’}]c Il(wcl  for Stable a]lcl colltrollcd col~tact bct,wccl~ a  robot  lnalli~,ulat,or  and objrx.ts  iII i t s
cllviron]nc)lt  has been the motivation for c.o]lsidcrab]c  research in robotics over the past two
dccadcs.  2’llc outcolnc  of this rescarcll has bccll the clcwcloprnellt  of two categories of contact
control schcmcs: irnpcdancc  control and force corltrol. ]n ilnpcclancc co]ltrol[] ,2], the goa] is
to cstablisll  a desired contact dy]lamics bctwccll the cnd-cffcctor  positior]  allcl force, ratllcr
thal] to control the contact  force directly. 011 tllc ot,hcr hallc], tllc objcctivc  of force col)trol  [3]
is to Ca.usc the contact force to fo]]ow the coll”lll]a.rldcc]  force sctpoillt  as c]osc]y as ~)ossib]c.  ‘J’]]c
illJ])cdallcc  arid fore.c control  schcrncs call Lc illl])lclnc~ltcd  either as a torque-based co~ltrollcr
w)lich gcllcratcs  the joirlt torques dircct]y  or as a ])ositioll-bascxl  col)trollcr  whic]i  ])roviclcs a
Coln]nand  input  for an inner-]oop positio~l colltro]  sysknn.

‘J’his pa])cr dcscribcs  a set of cxperirncltts  or] contact control carried out 011 a 7-1)01’”
Robotics Research arm at the NASA-Jet l’r-opulsio)l  l,ahoratory.  ‘J’hrcc  types of contact
co]ltrollcws arc discussed; col]lpliallcc co~)tro], force cc)rltrol, and dual -lllodc control.  q’}le col]-
tact control  schcrncs arc i]nplclncnted  as positioll-kmcd  control]crs  usirlg  the robot position
control systmIJl as a bascli~lc. ‘J’hc comp]iancc  controller is si~ni]ar to i)npcclal)cc  coxltrollcr
and a.ttclnpts  to cstaMish  a. desired stiffxlcss bctwccni  tllc rcfcrcllcc position and the colltact
for-cc so that the rcfercncc  positiol] cam bc used to control the contact force. ‘J’hc force con-
trollc]  accon]])lis}lcs accura.tc force sctpoiy}t trackillg  and is robust  to variatiolls  ill the col)tact
surface pararnctcrs. ‘J’hc dual-lllodc  control schcm]c enjoys the coInbillcd strengths of both
colllpliancc  and force co~ltrol,  hut  dots ]Iot suffer fro:l) their irldividua] Wcakncsscs,

‘1’hc paper is organized as follows. “J’hc real-ti)llc lnanipu]ator  control  systcxn USCCI  for
the cxpcrinlcnts  is described in Sections 2 and 3. ~’hc contact control schcmcs a]]d t}lcir
cxpcrixncntal  results arc discussed in Scctiolls 4 and 5. in Section 6, wc prcsc]lt  ali a]q)lication
of contact control sc}lmncs  to pcrforll~  a~l eddy-currc]lt inspection  tassk. g’hc paper is collcludcd
ill Scctioll 7 with a discussion of the proposed control sc,hcrncs.

2 :Manipu]ator Control System

‘1’IIc Jet Propulsion Laboratory is devc]oping an end-to  cnd robotic systcm  for rclnotc  inspec-
tion of space structures such as the Space Station H-ccdom [4]. A basic component of this
systcx]l is a dexterous robotic manipulator for placclncnt  of the inspection scllsors.  A class
of inspection tasks requires physical contact bctwccn  the scnsil)g  clclncllt  and the ins])  cctcd
surface. in this section, wc discuss the basic features of the ]nanipulator  control systcrn
ixicluding  hardware, software, and colitact  control i)ltcrfac.c.
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2.1 IIardwam System I)cmxiption

III th i s  sccticnl,  wc dcscribc  the h a r d w a r e  of t}lc lllanipulator  cwltrol systelll.  ‘J’llc llard-
warc structure is sltown  in Figure  1 and consists  of a Robotics l{cscarch Cor\JoratioIl (lUW)
]IJodcl K 1207 seven dcgrcc-of-frccdo]n  (1101”)  ar~n/control  u~lit, a VM1’>ba.secl chassis wit}]
two MC68040  processor boards  and additional illtcrfacc  cards, two hand  colltrollcrs,  a IIIOtOl”-
izcd rail/control unit on which the arln  is nlountcd,  and a Silicon Graphics IIUS Workstatio~l.
Attaclmd  tc~ the c]ld of the arvn is an intcgra.tcd  sc~lsor/cI]d- cflcctor  u~lit  col)sisting  of two
CC])  cameras with controllcc]  lights, two infrarcc] proxilnity  scllsors, a gas scllsor, a telllpcr-
aturc sensor, a 6-axis force/torque sc~lsor,  allcl  a gri~)pw.

‘1’hc dexterous rnanipu]ator  used in this study has seven rcvolutc  joints in all alternating
ro]]/pitch scqucncc  beginning with the s})ouldcr roll at the base and cndillg  wit]} ihc. tool-
p]atc roll at the hand. g’hc shou]dcr  has both a roll and a pitch I) OF, IJIC elbow has an extra
roll I)OF along the upper-a.rln in addition to the collvclltiona] pitcl} bctwccll  t}lc u])pcr-ar~n
and forca.rln, a~ld the wrist has a roll l)OF along the forearm, a pitch hctwccn  the forcarIn
and bald,  and a roll about the tool-p]atc.  ‘J’}Ic upper-arrn roll lnotion  allows the arln pla~lc
(formed by the upper-arm and forearm) to rotate about the shoulder-wrist axis, thus ~,rovid-
illg the capability for arm reconfiguration without perturbing the hand position. ‘1’hc arIn
~wdcstal  is ~noul]tecl on a mobile plat,forln  of a lnotorizcd  rail whiclk provides O]IC additional
translational degree-of-freedom that can bc treated as a ]n-ismatic,  joint. l’hcrcforc,  t}lc coln-
p]ctc  mallipu]ator  systcm has eight indcpcndcnt  joint, dcg;rccs-of-freedom. ‘1’his s-ystcm has
two dcg;rces-of-rcd  utldancy,  i .c. two ‘extra” joints, since six joints  arc Suficicllt  for t}]c basic
task of cnd-cffector  positioli  a]~d orientation control in the three-dimcllsional works]mcc.  II]
tllc cxpcrimcnts  dcscribcd  here the nlotorizcd  platfol-111  is fixed c]uring task cxccutioll,  thus
the systcm  is treated as a 7-1)01’  robot.

2’}Ic RRC  arin  is control]cd  by a. rca.1-tinic  microprocessor-based controller that uses ad-
van ccd control algorithms for high -lcvc] dexterous motion control and interfaces directly with
the Multibus-tmscd  arun control unit  supplic.d  by the manufacturer, ‘1’hc rca]-tirnc  controller
is a VMEbus-  lmscd systcm that uscs two Motorola MW3040  processors along with  vari-
ous data acquisition, ]nemory,  and comlnunicatiorl  dcviccs. ‘J’hc VMN controller is linked
via socket coI~~lI~~lllica.tiol~  to a Silicon Graphics I}US Workstation, which serves as the host
computer for the graphical user intcrfacc, ‘1’he coIltrol structure simp]ifics the integration
of future gcllcrations  of higher-performance hardware and IICW control techniques as they
bccoxne  available, and thus pr-ovidcs  a growth capability that extends the technical life of the
arln  control systcm.

A hig}l-speed bus intcrfacc is used to communicate bctwccn the real-time VMIt  chassis
and the arIIl
unit  at }Jig}l

control unit Multibus  chassis. ‘J’his enables corI-lrIluIlicatioIl with the arm control
speed (400 11 z) via a shared IIlcrnory servo ICVCI intcrfacc.  ‘J’hc rwasson  for this
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dCSigIl  ChOi CK! iS tO }IaVC 110 SOftWarC! dC!VC]OpH)C!Ilt  011 t}l C! Multil)us  S~StCII1. ‘J’}Ius, t]Ic! COxlt  I-O]
systc~Il 011 the VMlt  chassis treats the arIn coI)tIol uIlit as a joint-s])acc  position cent, roller.

2.2 Control Systmm Desui])tion

‘J’llc lnanipu]ator  Cartesian control flc)w diagram is showIl ill l’igure  2. ‘J’hc collfiguratioll
control tcchniquc  [5-8] developed at J}}l, is implemented in the VME enviroxlrnmlt  for the
i’-l)ol”  RI{C arln.  ‘J’he lna.jor  algorithlns  for tile colitrol systmn are t}lc: forwarcl kinc~natics
and JacoLiall computatio~ls,  a singularity-robust collfiguratiorl  colltrol coln])utatio~L,  real-ti~llc
trajectory gmleration  routi~ies,  and contact coxltrol algorithms. ‘J’hc various algorithms will
bc discussed ill this sectio~l  with the exceptioll  of the contact co:ltrol algorith?ns  which will
bc a.ddresscd  ill Section 4. l’he  i~dxmfacc  to the contact control a]gorithlns  will bc discussed
ill this section.

2.2.1 Kinematics  C o m p u t a t i o n s

!l’he computations of the forward kinematics a~ld Jacobian  of the manipulator utilize Craig’s
i]ltcrpretation  of l)ellavit-llartenherg  (1)11) paralnckr-s  for frame assignment [9,1 0]. ‘J’his
method provides direct computation of t}ic manipulator Jacobia.rl J in the world fralnc  of the
robot. “J’ltc  configuration control approach is ilT”lp]clI”lellted  for resolution of rcdulldallcy  and
corn]mtatio]]  of inverse kinelnatics. This a~q)roach  allows the user to define additional  tasks
with assigned weights for redundancy resolution), and yielcls the singularity-rc)bust illversc
kinclnatic  co~nputation:

Ud = [J7’W,J  -i w.]- 1 J7’w,  [id+ KE] (1)

where w’~ and WV arc the task-space error weights and joint velocity damping weights, ~; =.
Xd -- X and 1{ is a diagonal matrix with positive elements. Note that (1) can also be written
as:

(2)

where the subscript c refers to the basic task Y = lj of positioning the hand, and the subscript
c refers to additional tasks Z = ~d fox redundancy resolution. Cholesky decomposition is
used tc) solve (2). F,quation  (1) relics on weig}lting  joi]lt velocities against task-space  position
errors. It can bc seen that as the Jacobian hecorncs singular, the velocity weight dominates
ill the illvcrsc matrix term in (1), reducing the colnmandcd  joint velocities. “1’he reduced joint
vc]ocities,  in turn, act to retard the arIIl from reaching the singu]ar  configuration.
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]11 the prcscl]t  i~ll]j]clncIltatioli,  arlll allg]c contro] is CIIOSCIL  as the scvcllth  t~sk, ‘J’hc “ar~n
al]glc’) is clcfillcd  ass the ang]c  bctwccn the arII) ~)la])c SII;W ar)cl the vertical plallc p a s s i n g
through the line SW, w}lcrc S, It and W refer to the origilis  of the shoulder, elbow altd wrist
frames, rcspcctivc]y.  ‘J’his ang]c uniquc]y  specifics the elbow ])ositioll  for a given harld frarllc,
alld together with the hand coordinates gives  a co]llplctc rcj)rcsc)]tatio?l  of tllc F;cornet,ric
posture of the who]c arm in almost the entire workspace. In the control software, wc usc a
silll]dc and cfl icicnt method dcscribcd  in [1 O) for co]nputing  the arm angle and the a.ssocia.tcd
constraint Jacobian.

III addition to the seven basic tasks, all additicnla]  task is dcfi?lccl  for each joirlt that is near
its limit usixlg  the configuration control fralncwork.  Whc]) joint limits arc approac}lcd, the
systmn  actually bccomcs “dcficicnt” (as o~y~oscd  to bcillg “rcdulldant”  ). ‘1’hc co]lfiguration
control algorithm automatically relaxes ccrt,ain tasks based 011 their wcig}lting. s. q’hc joint
limit avoidance task is forlnu]atcd  as an il]cquality  constraint that is activated only when
the joint is within its ‘soft” ]i~nit, and is illactivc  otherwise. lntcrcstirlg]y,  the forlnulation  of
the extra tasks is extremely simp]c, Observe that J~’W{J( = W{ and that J/W( rcduccs  to
W (, wllcre ~ indicates the joillt  lit[lit avoidance task. ‘J’hus computatiollally  t}]c joi]lt limit
avoidance task is extrcme]y  fast. ‘1’o avoid chattering when the joint limit avoidance  task is
activated a~ld deactivated, W< is formulated as a continuous function  of 0, e.g. at the lower
joint limit:

{

o 0> o.oj~

WC =,.
[ (

~ ] -~ COS n  ~A:::;::j,  ) ]  ~hard  < 0 <  080jt (3)
w nlar O < Ohard

where O~Oj~  and f)hnrd arc the soft a)lc~ hard joint liInits.

2 .2 .2  Tra jec tory  Genera t ion

‘J’WO different trajectory generators are implemented in the system. The first trajectory
generator produces smooth continuous cycloidal functions to make a straight-line transitio]l
fronl the initial to the final values  in the spccificd time [5]. A second via-point blcndillg
trajectory generator is also implcmcntcd  in the systc~lj [11]. ‘1’hc via-point blending trajectory
ge]ierator  allows the specification of several via-points. ‘J’hc algorithm ge~lcratcs  a smooth
trajectory between the points, while gradually Mending the velocities from onc via-point to
t}lc next.
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2 . 2 . 3  Contact  C;ontrol  i n t e r f a c e

II] this scctioIl, we discuss two issues rclatd to illl])lc~r)crltatiolt  of contact  c.olltrol sc}lcxncs:
nallwly, coordinate transformation and trajectory pcn-turbation,

Coordina te  IIhmsforrnation:  A tmic issue ill contact  c.olltrol is the selection of the
appropriate frame of rcfcrcnce. ‘i’wo choices arc colnmo]l]y available: t}~c stationary world
fralnc  {W} flxcd in the workspace, a~ld the InovilIg  tool fraslm {Y’} attached to the tip of
the tool grasped by the elld-cflcctor.  ‘J’hc force/torque sc~]sor is Inountcd  at the end-cflcctor
such that the sc~isor  fralnc  {S} is rotationally aligllcd  with the cxld-cflcctor  frarnc;  c)thcrwisc
an additional transformation is nccdcd.  q’hc tool frame is oftcll  obtained by translating the
cnd-cflcctor  frame along the clid-cficctor  z-axis by the tool lc~@A. For coxltact  tasks, it is
lnorc  convc]licnt to dcscribc  the task to bc pcrforlllcd  in the tool fraync {?’}. ‘1’ypical]y,  the
cnd-cffcctor  approaches and contacts the rcactioll  surface alo~lg the z-axis of {2’}. ‘J’hercforc,
ill our study, the tool frame {7’} is chosen  as the ccmtact frame of rcfcrcnce.  As a conscqucncc,
the pararnctcrs  of the contact control]cr  arc also specified ill the tool frame. Now, since the
rcfcrcncc  position trajectory is spccificd  in the world frame {W}, the position perturbation
Xj gcncratcd  by the contact controller must bc transformed fro]n {7’} to {W} to Inoclify X,.
‘1’his transforlnatio~l  is given by

“A”) z  (%%)“~i = (,,, Ad, (4)

which only involves the rotation matrix ~’lt from {7’} to {W} ,[9,]).5S]. 1]] (4), Ap and Ad
dcllotc  tire positiolial  and oricntational  pcrturbatio~is  and the leading subscript is the frame
of rcfcrcncc.  Notice that the c]cmcnts  c~f A+ produced by t}lc contact controller arc treated
as indcpcndcnt  orientation perturbations about  the coordinate axes, i.e. as changes in the
equivalent angle-axis representation of orientation.

q’rajectory Perturbation: We shall now examine closely the trajectory perturbation
caused by the contact controller. As shc)wn in Figure 3, the contact control schcmc  is implc-
]ncntccl  as the outer feedback loop tc} generate the position perturbation Xj which modifies
the rcfcrcncc  position X, to produce the position sctpoint  xd which is sent to the arm control
systcrn  for tracking. l,ct the current position and oricntatioxl of the tool relative to {W} bc
given by the 4x4 transforlnation  matrix

(5)

where RI is t}m 3x3 rotation matrix which dcscribcs  the cnd-effcctor  oriclltation,  and pl is
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the 3x1 position vector denoting the cnd-cffcxtor  ~jositicnl, l,ct the 6x1 vector Xj generated
by tltc contact  control]cr  bc ddi~lcd  as

Ap
( )

Xj = *4, (G)

where Ap represents the three translational (i.e. position) perturbations, and A+ denotes the
three rotational (i.e. orientation) perturbations a,rou]ld each axis. ‘1’hcnl,  for the translational
c]cmcnts,  we sixnp]y have

p~ = p, -. ~p (7)

l’or the rotational perturbations, wc first colnpute  the 3x3 rotational  matrix AR from Aq’)
which dcscribcs  the relative change in oricnta.tion [9,p.52].  Then, the current end-cflcctor
rotatio~l  ]natrix Itl is modified to

where
tation

112 =- RI . AR (8)

the rotation  matrices are treated as operators. ‘J’bus, the modified position and oricll-
of the cnd-cffcctor  are given by

“= (’: 7) (9)

‘Yhis matrix provides the sctpoint Xd for the inner Cartesian position colltro] systcm  of the
arm for tracking.

2.3 Software Architecture

111 this section, we discuss the software components of the VME environment used for real-
time control  of the manipulator. All of the software executing in the VME environment is
written in the C language. The code is developed on a SUN UNIX Workstation utilizing the
Wind  River’s development environment and the vxWorks  real-time kcrnal  M the operating
system. ‘J’his environment consists of a C compi]cr,  a rcniote  symbolic debugger, and the
Stcthoscopc  real-time monitoring software tool, ‘1’hc code is downloaded through ltthcrllct
to the target processor boards for execution.

7



Figure 4 shows the software structure of the VM}t-Lasml ccnltrol]cr.  ‘J’hc VM1(; chassis
hosts two Motorola. MVI 67 MCXS040 CI’U cards that,  pcrforln  all the rlccmsary  coxnl)utatios]s
to provide real-time co~ltrol of the manipulator. ‘1’hc user intcvjacc(ui)  task interfaces with
the high-]cve]  systenl  residing in the ]R]S to receive user colnll)allds a~ld to scI]d ackllow]-
cdglncnt  and state illforlnation  after cxccutioll of the colllI1la.licls.  ‘J’hc i~lfor]nation  is routed
t)i-dircctiollally  throug]l  ltthcrvlct  using UNIX sockets. OIlcc a c.oln~na.~ld  is received froln the
IRIS,  the ui task parses the command and then w~itm appropriate co~nynand illforlnatioxl  i~lto
the shared ]ncmory  card to pass the data along to the other tasks. All comlnallcls from the
IRIS arc acknowledged by the controller. Every reply frolIl the controller cor]taills  tllc state
of the syste]n which includes i]lformation  SUC)I as sensor data, current joint angles, currcI1t
Inoclc, aIld CartcsiaIl  task wducs.

‘J’hc hand controller task is clcsigl)ated  to perform data acquisition. It controls the
activities of the Analog-t~l)igital  (A/1))  converter boards which arc used to read in baud
controller inputs and sensor data. 2%c first A/I) board reads in various voltage cmtputs of
the six potentiometers on the hand controllers. in addition, it lnonitors  the three switches on
the rotational grip hand controller. ‘J’hc second A/l) board reads in the sensor data froln the
temperature sensor, gas sensor, and the two proxilnity  sc~lsors. ‘J’he hc task currently rum
at 33 llz.

‘J’hc jorcc/iorguc  sensor@) task reads the force/torque sensor data through the A/I)
board at 400 JIz, and deposits the data into shared ]nmnory.

‘J’hc conirol(cirl)  ia.sk performs real-tilnc trajectory gcncratioll,  kinematic coln~mtations,
all d contact control. Both automated a]ld tclcopcrate,d  moves arc supported in al 1 three
lnodc: joint mode, Cartesian world ]nodc, a~ld Cartesian tool mode. III Cartcsiall  n]odc, the
arm can be Inovcd with reference to its tool fraI IIC (tool mode) or an absolute l-me frame
(worid  mode). Iool mode enab]cs the user to move the joints of the robot in a cocu-dinatcd
xna]]ner such that the user has the notion of moving the tool as if it is being held by the
user’s hand (e.g.,  holding onto a screwdriver and moving the handk  to control the tip of tile
screwdriver), World  mode is used when the user wishes to move the robot  with respect to a
fixed user-defined frarnc.  The trajectory generation, kinematics and Jacobian cornput?tions,
configuration cent rol computation, Cho]csky dccomposi tion, and cent act co~ltrol cornput  at ion
take approxima.tcly  2 rns to complete. in this process, the diflcrentia]  desired Cartesian
commands (AX~)  arc converted to differential desired joint commands (.AOd), which arc then
integrated and the desired joint angles 0~ are sent to the arm control unit for execution.

2%c Robotics Research ser-uo(rrs)  fad is designated to cxecutc  the arm interface driver at
every servo cycle, thereby maintaining constant communication with the arm control unit.
‘1’hc arm control unit lMW the Mcctronic  Servo-1.evcl lntcrfacc, which allows the user to
communicate directly with the joint servo motors through dual-port mcrnory  locations on
the RR~ systc~n.  The maximum rate of communication is 400112 (i.e., a sampling period of
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2.5ms).  l’;ac}]  joint servo motor can h indcpclidelltly  colnrnaIldecl  ill ally of the four moclcs:
position, velocity, torque, and currcllt. ‘J’}lis fcaturc cnahlcs  thcopcratiol]  of the robot  ulldcr
both kincmatica~ld  dyllanlic  control scllcll-lcs,  a~ld the.rcfor cfacilitatc svalidation of avaricty
of arln  co~ltrol laws. The feedback irlforrnatio]l such as t}lc actual position, velocity, arlcl  torque
values arc also accessible from ihc dual-port Incmory.  Wc arc prcscnt]y  colnmullicating  at the
maxi~num rate of 400 Ilz, and all scvcri joints arc comlnandcd  ill position mode. ‘1’hc driver
pcrfoxlns all the ncccssary  handshakes with the mvn control unit software and conversion of
data ildo  a.ppropriatc  forlnats. in additioll,  joint position and velocity lilnits  are also chcckcd
at each cycle for safety rc~sons.

3 Gravity Compensation

‘J’o prc)pcr]y  measure the forces and torques exerted by the manipulator on the cnviro]lmcnt,
the weight  of the. tool beyond  the Force/’J’orquc (1{’/’ 1’) sensor must he compensated for. I’his
scctioll dcscribcs  the gravity compensation calculations used in the co]~trol systcm.

T}lc payload cxtendi]lg  beyond the F/T sensor is rnodclcd as a point InMS with a ccntcr
of gravity at a distance d beyond the F/2’  sensor frarnc, as shown in Figure  5. Note that
the world frame is defined with the z-axis aliglmd  with gravity but in the opposite direction.
Without loss of generality, the F’/’l’ sensor frame is assumed to bc aligned with the tool frame.
If the physical sensor is not aligned with the tool fraInc,  an additional transformation can k
applicc] to obtain the ]ncasurcd  forces and torques ill t}]c sensor frame as defined here.

q’he following notational conventions arc used:

● a leading superscript indicates the fra]nc  of rcfcrcncc

● a leading subscript indicates the frame of rcfcrcncc  of interest relative to the specified
frame of refcrencc

s a, superscript indicates a nanm

● a subscript indicates a point in space

c F - force

● N - torque

● R - rotational matrix

9



‘J’llus

.q/:r.v

indicates the for-cc duc to gravity cxcrtcd  at point g expressed in the {W} frall]c. Sirrlilarly

is the rotation matrix expressing the {W} frame in the {S} frame. ‘1’hc relevant fralncs  arc
the world frarnc  {W}, the F’/!I’ sensor frame {S}, a~ld the frame {G} at the ccrltcl  of gravity
9 of the tool in the cnd-cffcc.tor.  I’he frallic  {G’} is also chosen to he rotationally ali,grlcd  with
the {S} fra~nc. q’hc distance d is llicasurcd  along the positive z-axis of the scllsor frame. Let
us msumc  for now that the values for d and the weight of the tool, L’, arc krlown.  ‘1’hus

w,],,grctv  ~

9
(o, o, 1;)1’

For gravity compensation, wc need to determine the cficct of the tool weight on the sensor:

i .c., the forces all d torques exerted on the sensor due to the tool weight, in the sensor frame
{S}, g’hc values of these forces and torques can then be subtracted from the measured forces
and torques by the sensor to determine the true forces and torques exerted by the environment
on the sensor. ‘J’hcsc  forces and torques can then be used in the coutact  control algorithms.
‘]’hc usual convention is to consider the forces a]ld torques exerted on the environment by
the manipulator, w}lich simply involves changing the sign of the gravity compensated forces
al~d torques reported by the F’/q’ sensor. ‘1’he contact colltrol algorithms can also apply a.
trarlsformation  to these forces and torques to dctcrlllinc  the forces and torques at the point
of contact, or at the point of interest in the cnvircmnlent.  Note that the amount of gravity
colnpcnsation  changes with the configuration of the arm. ~’hc force-torque transformation
on a  r ig id  body i s  g iven  by  [9,p.181]:

10
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Si)lcc we assurncd  that the {G’} fralnc  is rotationally aligr]cd  with the {S} fralnc,  ;lt is the
idm)tity  m a t r i x .  F;valuating  t h e  tcr~ns o)) t h e  rig}lt-]~al]d~iidc  o f  ( ]  ( ) ): ‘ ‘ =

( )

o
‘Ii is the vector O

d

()o -d O
‘It x operator is thus doo

0 0 0

‘1’hc second term on the right-hand-side of (1 O) can be calculated as follows:

( ao
-.— al

az

where (ao, al, a2)T is the third column of ~,}t,  a]ld is ktlown from forward kincrnatic!
manipulator. Similarly,

9N9,0V -..
9 -. ‘~~ xi ]t 81$’r’v +-~ R 8N~rat’  , 8N;r”v = ;,]{ “N9T’V , ()9

f the

since gl~ and “’N~r*v arc zero. TIIC tool dots not gcncratc  any torques in free rnot,ion. ‘1’hus
(10) reduces to:

( )

U()
8 ,grau
l’, =,9 p9rQv ~=

9 al ): (11)
az

( )

--al
8N:Tav z a. dE (12)

o

Equations (11 ) and (12) are the gravity compensation values. ~’hcy can bc subtracted directly
from the measured forces and torques of the sensor cxprcsscd  in lJIc sensor frarnc  {S}. Thus

8 momp
lf8

:= *~8n~e~8  _ .  ~j:rav (13)
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8 NCO??’JI
=

SNtr,ea,

8 s

5N:TOV (14)

Once the true contact forces and torques are founcl in {S}, the gravity  -ccm~pcnsatcd  col]tact
forces and torques in the tool frame {7’} arc obtained as [9,p.1 81]:

(15)

where :R is the identity matrix, since the frames {S} and {Y’} are rotationally aligllcd, alld
‘1< == (O, O, –1)7’ where 1 is the distance bctwccll the origins of {S} and {7’}. Note that
using equations (1 I ) and (12), the weight of the tool, h’, and the distance to the ccntcr  of
gravity, d, can bc determined expcrimcntal]y  with the F’/T sensor and the manipulator. 11’his
is dollc by placing the sensor frame in a knowit  configuration without being in contact with
the environment. In this case, the ccnnpcnsated  forces and torques by definition arc zero. It
is simplest to align the tool frame with the principal axes of the world frame. If the tool
frame is placed such that it is aligned with the world frame z-axis, then a. = al == O, a n d
a2 == 1. ‘1’hcn the measured force by the sc~lsor should bc equal to the weight of the tool,i,c.

Once Ill is dctcrmincd,  the sensor frame z-axis can bc aligned with the the world z-axis. ]n
this case, ao = 1, al = cq == O, and d can bc calculated from (12) and (14) as:

Note that there are all infinite nuxi~bcr  of poses that can bc used for dctcr~ninatioxl  of M and
d. In practice, wc have used the twcj permutations of aligning with the world z-axis to get
the average weight of the tool, and the four permutations of aligning with the world z and y
axes to obtain an average value for d.

Determining the value of E and d with this method has its disadvantages. !l’hc accuracy
of the values is dependent on the accuracy of the forward kinematics and the joint positional
accuracy of the manipulator. It is probably better to determine E and d by other nlcthods,
and usc the above method to check th~. kinematic accuracy of the manipulator.

12



4 Contad Control Schemes

1~1 this sect.ion, wc discuss threw types of contact control schemes; lla~ncly,  compliance col)trol,
force control, and dual-mode control. ‘J’lIc contact control schemes operate in the user-defined
too] franm  {7’} where the task is defined al]d executed. ‘1’hc dyljamic  modclilg  and stability
analysis of the proposed position-based contact control systexns  are studied in [1 3]. ]n this
section, the results arc presented without proof. Note that t}le term ‘( I)ositioI1’) irnp]ics
position or orientation, and the terln  ‘force” imp]ics force or torque.

4.1 Conlpliancc Control

A manipulator under Cartesian position control in contact with a reaction surface can be
adequately described in each Cartesian directicm  of contact by the second-order. trarlsfer-
function [13]

F(s ) cke-.. = -—..
x,(s) s2~as+~ (16)

where ke is the surface stiffness, [a, b, c] arc the rnanipu]ator  constants, and the origin of the
frame-of-reference is the point of contact between the end-effec.tor  and the reaction  surface
with the x-axis in the direction of the applied force. ‘1’here arc four major sources of compli-
ance in the systcln  due to: (i) the rcacticnl  surface where contact is made, (ii) t}]c force/torque
sensor that measures the end-cffector/su  rface interaction, (iii ) the joint servo loops of the ma-
nipulator which have finite  stiffness, and (iv) the joint gear translnission  system. Fro~n (16),
the steady-state contact force F is related to the position command X, by

1“ == $= J,=- kj” X’, (17)

It is seen that the e~ivironment ‘appears” as a spring with the stiffness coefficient kj =- ck./b
to the position command, where kj is typically a large number. ~’he basic concept of the
compliance control system shown in Figure 6 is to usc force feedback in order to reduce the
forward gain or stiffness kj in the end-cffector/reaction surface interaction. This will then
allow the reference position X~ to be used as a command input to control the contact force
F as the output. Under compliance control, the reference trajectory is used differently for
the two categories of tasks: as the desired motion trajectory in unconstrained tasks and as
the input command to control the contact force ill constrained tasks. ‘l’his is in contrast to
force control schemes in which a force sctpoint  is used to command the contact force.
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“J’hc comp]iallcc  control]cr  used iII this paper consists of the first-order lag kl /(Ts  + ] )

iII  parallel with the fccdforwa.rd  gain k2 ~~ showli  ill F’igurc 6,whcrc  [k], k2, T] arc constant
parameters of the controller. 7’his yields the ccxnpcnsator  tral)sfer-fullction

where & == Tk2 and ~ = k] -t k2. Notice that K(s) can be expressed as the ‘proportional-plus-
filtered-derivative” controller 1<(s) =- kP +- ;~+n k~s, w}mr-c  kP =- @ and k~ == 0-- ~T. l]encc  the
low-pas filter ~~i-i removes the high-frequency noise superimposed on the rncasurcd  contact
force bcjorc differentiation.

Applying the compliance controller K(s) given by (18) to the open-loop systcm  (16) yields
the closed-loop tranfer-function

F(s) > ck. rs -i cke-.. . . . —.—— .. —-
Xr(s) TS3 -i [aT -i ]]s2 -I [a j% -t ck,~]s  + [b-+ ck.~]

(19)

It can readily bc shown that since [a, b, c, k., T] arc positive, for closccl-loop  stability we require

a+br
Q’n,i~ ‘- ‘- ‘—---- ; / jm i n  ~ _.;:.. ; 6’”!IM “ $~:a~;-””~  [ :]-tCY a+

cke “e

‘J’hcrcforc, to ensure stability, it is suflicicnt  to have

O< P< CYICJ]
A more conservative suficicnt  condition for closed-loop stability is found to bc

()< !<.!
(2T

(20)

(21 )

(22)

(23)

which ensures that K(s) is a phase-lead  compensator. Now, the steady-state relationship
imtwccn the rcfcrcnce  position X, and the contact force F is obtained from (19) M
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)’= --.c~e-----xr = - - ‘
b + ckep’ kj ] j #“ ‘ k.pxr

(24)

It is men that under compliance control, the reaction surface “appears” as a spring with the,
a~]parcnt stiffness kap =: [kj’ + ~]--’, ‘JIIis is the equivalc,,t  stifT*,css  of the series ccnnt)inaticn,
of the two springs kf and &l representing the stiff ncsses of the open-loop systcm  and the
complian  cc controller, respcctivc]  y. From (24), wc conc]udc that given the open-loop stiflncss
k~, the controller stiflncss  @ can k clIoscIi such that the closed-loop system  cxhihits  t}lc
desired stiffncss,providcd  that the stability conditions (20) arc not violated. observe that
increasing ~ will reduce k.P an d make t}lc cnd-cflcct,or  more compliant to app]icd  forces, sillcc
k = [1 +- @kj]-’kf reveals that the open-loop stiffness kj is altered by the factor [1 + ~kt]-’
t~prc~ducc  the closed-loop stiffness k.p. Note that for hard contacts, k.p N /?-l. Nquation
(24) provides a practical means to control t})c contact force 1’ by the position colli?land
X,. Notice that the compliance controller (18) dots not require the force derivative F for
illl~~lcn]clltatiorl.

4.2 Force Control

In contrast to compliance control which is an implicit force control scheme, in this section we
describe an eqdicit  force control scheme. in explicit force control, or force control for short,
the force setpoint F’r is used m the command input to control the contact force 1/’ directly
as shown in the block diagram of Figure 7, and the position command Xr is deactivated
(hc]d constant) during the execution of t},e contact task.  The force controller K(S) now uses
the force error information c == F – Fr to generate the necessary control action so that the
cent act force F tracks the force setpoint  &.

The force control]cr  used in this paper is the proportional-plus-integral (PI) controller

K(s) =

where kp and k i are the constant proportiolj  al
This yields the force feedback law

kp .{ :. (25)

ancl integral force feedback gains respcctivc]y.

(26)

where Xj is the position perturbation produced hy the force controller. Applying the force
controller K(s) given by (25) to the open-loop system (16) yields the closed-loop transfcr-
function

15
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(27)
F( s ) Ck~  k~8S ‘{ Ck~ k;-.. —_— .. —-.z(;) = S3 + ClS2  ‘{ [b+ CkCkp]S + Ck. ki

Sillcc  [a, b, c, k.] arc positivc,it  can be sltowll that for closed-]oop stability wc require

O < ki < a[kp-} k~*] (28)

‘1’hcrcforc,  to ensure stability, it is suficicrd to have

O<ki<akp (29)

which is indcpcndcnt  of the reaction surface stiffnms  ke. Now, assuming closed-]oop sta-
bility,thc steady-state response of t.hc contact force F to the constant force sctpoint .l~ is
obtained from (27) as

l“ = liiljsF(s)  =- J; (30)

‘J’bus, the contact force tracks the force sctpoint  accurately wit}l zero steady-st atc error. ]n
fact, it can readily bc shown that the closed-loop systcm  rejects any step disturbances duc
to the position command X, or a force disturbance ~rd in the sense that the contact force F
will exhibit a transient response but will not bc affcctcd  in the steady-state. F’urthcrmorc,
the systcm  is robust to parameter variations so that the steady-state sctpoint  tracking and
disturbance rejection characteristics arc prcscrvcd,  provided t}lat t}lc closed-loop systcm  re-
mains stable. These inherent features of
practical explicit force control scheme.

4.3 Dual-Mode Control

the integral term make it a vital component in any

In this section, wc introduce a
control]cr  is rcprcscntcd  by the

dual-rnodc  contact controller for robotic manipulators. I’hc
transfer-function

CMip
K(s) == --;-;:j- (31)

where [a, ~, ~, ~] arc constants, This controller is used in two rnodcs of operation: compliance
control or force control. For t.hc compliance control modc,wc  set A = 1 and 7 ==  T (a uscr-
spccificd small positive number) so that l<(s) =: ~~-i “ [cM + /?] acts as a ‘filtered-PI)”
compliance controller discussed in Section 4.1. In this mode, the controller input is the
contact force 1“ and the output is the position perturbation X j. This controller rcduccs  the
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‘l’able 1: IIual-mode  control]cr  parameters

apparent stiffness of the reaction surface, and thus avoids t}lc generation of exccssivc force
at ilnpact  compared to pure position control [1( (.s) == O]. For t}lc force control mode, wc set
~ = 1 and A == O so that K(s) = a -i ~/? acts as a P] force control]cr  discussed ill Section 4.2.
This controller is driven by the force error c =- .F - Ii, where 1’ and l; arc the actual and
desired contact forccs,and  produces the position perturbation Xj. ~’his controller ensures
that the contact force F tracks the force sctpoint  ~~ accurately and rejects disturbances
duc to X, in the steady-state, ‘1’hc switching bctwccn  the two modes is bassed on the value
of the measured contact force F. When IFI < I+, where 1+ is a user-specified positive
threshold lCVC1,  wc operate in the comp]iancc  control rnodc. When IFI > FT., wc switch mode
automatically and operate in the force control rnodc.

]n summary, compliance control is used during the cnd-cffcctor  approac}l  ancl impact
phac, ‘J’his takes care of the uncertainty in the reaction surface location, and significantly
rcduccs  the impact force compared to pure position control, since the cnd-cffcctc)r  behaves like
a soft spring. After the initial contact is established, the controller switches automatically to
force control mode to apply the desired contact foxcc during the execution of the contact task.
!l’his takes care of the uncertainty in the reaction surface stiffness for achieving exact force
control. Wc conclude that the dual-mode control sc}lcmc  takes advantage of both compliance
and force control schemes during the operation. Observe that this schcrnc can bc viewed as
using “gain-sc}lcdu]ing”  for the contact controller (31). !l’able 1 surmriarizes  the parameter
values for each mode of operation. Note that pure position control can bc retrieved by setting
C=o.
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5 Experimental I.tesults

III this section, we present a set of expcrimclltal  results 01) contact control using the three
contact controllers discussed in Scctiorl 4. !I’}w robotic maliipulator  used in tllcsc cx])crimcnts
is the 7-1)011’ Robotics Research Corp. (RRC)  arln  dcscritmd in Section 2, and carries a
model 15/50 6-DOF  Assurance q’echno]ogics  force/torque sensor mounted at the wrist. ‘l’he
configuration] control approach devc]opcd at J1’1, [8] is implmncntcd  as the basc]inc arln
~JositioIl control system. In unconstrained free-space ~notion tasks,this col]trol systcln  ensure.s
that the cnd-effecter position and orientation, as WC]] as a seventh user-spccificd task variable
such as the arln  angle, track user-defined dcsirccl  t~~k trajectories accurately,

])uring  contact with a reaction surface, the force/torque sensor measures the contact
forces and torques, ‘l’his sensory data is then fcd back to the real-time ar~n control systc~n
where it is ‘corrected” by t}]c gravity compcnsa.tion  software module dcscribcd  ixi Section
3 to obtain the 6x1 vector 1’ of the true contact forces and torques. Each element of F is
then  pas.ed through a contact control]cr  which produces the position perturbation X j to the
rcfcrcn ce motion trajectory Xr . The real-time system runs at the samplilig  frequency of
400112. Since the tool contacts the surfrrce in only one direction, the z-axis of the tool frame
is considered for contact control and the x and y tralwlatio~lal motions as WC]] as the three
rotational motions of the cnd-cffcctor  are opcratccl under pure position control. Note that ill
the contact cxpcrilncnts,  the x and y axes of the tool frame {7’} are parallel tc) and in the
same direction as the x and y axes of the world fra.rne {W}, while the z axes of the two frames
arc parallel but ill opposite directions. ‘1’hc force sctpoints  and contact forces discussed in
this section arc expressed in the world frame and should bc changed in sign for the tool frame.
h this cxpcrimenta]  study, two types of reaction surfaces arc considered: a “soft” surface
which is a cardboard box and a ‘hard” surface which is a steel plate. ZVo passive damping
clcn~mts, such as rubber padding or sponge, are used to reduce the cnd-cflector  st ifln Ms.

Four sets of cxpcrirncnts  arc now described:

5.1 Experiment 1: C)pen-Loop Response

IIcforc describing the contact control experiments, a simple test is conducted without  force
fccback by setting K(s) = O and operating under pure position control. The cnd-cffcctor
is commanded with the hand controller to move down and’ make contact with the steel
plate resting on a table, The cnd-cffector  position coordinate and contact force are recorded
during the experiment and are depicted in Figures 8a-8b. From these figures, it is seen that
a. chaligc in position of Az, = 3.32 mm produces a change in contact force of Al” = 42.86
Nt. q’hcreforc, in the absence of force feedback, the stiffness of the manipulator is equal to
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(32)

This is largely duc to the c.ornpliance  of the joint servo 100])s and gear trains sixlcc the reaction
surface and force/torque sensor arc both  very stiff.

5.2 Experiment 2: Compliance Control

Experiment 1 is repeated but this time the contact form  is fed back through a co~ilpliance
cent roller to reduce the end-cfieetor  stifincss,  as d iscusscd in Section 4.1. The compliance
controller used is

(33)

where 10-3 converts the unit of the controller output from millimeter to rncter.  ‘l’he lag
time-constant ~ = 0.05 is chosen SC) that the cutoff frequency of the low-pass filter is at 20
rad/scc.  ‘1’hc controller gains cr = 0.01 and ~ = 0.5 were found empirically, Under compliance
control, the cnd-cffector  is commanded to apprcjach and make contact with the steel plate
resting on the table. Figures 9a-9b show the variations of the cncl-effecter position z, and the
filtered contact force F during the experiment. From these figures, it is seen that a position
change of AZ> = 10 mm produces a force change of Al’ = 17.5 Nt. ‘l%ereforc,  the apparent
stiflness  of the steel plate as seen by the position command Zr is

k
AF

-- 1.Y5Nt/nm
‘P= z;; ‘- (34)

in comparison with experiment 1, it is evident that the compliance controller has caused a
reduction in the stiflncss  from 12.91 to 1.75, which is a change by a factor of 7.4. The position
command Zr can now be used to control the contact force 1“ thrcwgh the relationship

AI’ =: k.P . Az, (35)

Observe that Figure 9b also shows the perturbed motion trajectory zd = z, - Zf which is
tracked by the robot position control system.

The experiment is now repeated using the cardboard box as the reaction surface but with
the same compliance controller K(s) as before. The plots of the commanded positioli  z, and
the filtered contact force F arc depicted in Figures 9c-9d. It is seen that the same position
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change of 10xnm now causes a smaller force change of 12.86Nt;  hence the apparent stiffness
of the box is

k.P = 1.286Nt/mnl (36)

Notice that the equivalent stiffness during soft contact is s~nal]er  than that during hard
contact, as expected. Furt}lcrmorc,  k ‘dp ls always smaller  thaI1 both  the surface stifilless and
the controller stiffness (0-1  ), assu~nillg  @ >0.

5.3 Experiment 3: Force Contro]

in this cxpcrirncnt,  the cnd-cflector  is operated under force control and makes contact with
both  the hard surface (steel plate) and the soft surface (cardboard box). ‘1’hc force controller
used is

K($)  == 10-3

F05+ 21 ‘ ‘“-’[k,+ 9’1 (37)

which is of proportional-integral type as discussed in Section 4.2. ‘1’he values kp == 0,05 and
ki == 1.5 were found experimentally, and 10-3 converts the controller output from rnillimctcr  to
meter. ‘1’hc system is driven by the force setpoint  of l’; == – 10iVt initially, and subsequently
the sctpoint is changed to –20AI’-t  and ONt. The experimental data is depicted in E’igure
10a and shows that the contact force F’ tracks the force command F, very accurately in all
three cases of F, = – 10, –20, OIVt. The transient response shows slight oscillations which
are damped out very rapidly. TO demonstrate the disturbance rejection property of the
force control system, the experiment is repeated with F, = -- 10Nt.  After the contact force
reaches the steady-state value of F == F, =: -- 10IVi, the position input z, is perturbed by
J Omm away from the surface followed by 10mm toward the surface, Figure J Ob S}]OWS the
response of the contact force ~ to this disturbance input. It is SCCJJ that the contact force ~
is decreased momentarily due to the clecrcasc  in z, and is then restored rapidly to the force
sctpoint Fr == – 10; and subsequently 1’ is increased momcntari]y  due to the incre~sc in z,
but is restored rapidly to F,. Thus the disturbance input 27 has no steady-state eflect on
the contact force F. From Figures 10a- 10b, wc conclude that the force control systexn  has
demonstrated the properties of command tracking and disturbance rejection.

The experiment is now repeated with the soft surIace  (cardboard box) using the same force
controller K(s) as before, Using a staircase force setpoint of }’; == -10, --20, OIVt, the response
of the contact force F is shown in Figure 10c. It is evident that the contact force tracks the
force setpoint  very closely for all C*CS with no overshoot and a fast transient response. In
comparison with Figure 10a, it is seen that using the same force controller K(s) t}lc force
response has damped oscillations with a large peak overshoot for hard surface contact but
cx})ibits  a non-oscillatory response for soft surface contact. This is expected in view of the
fact that the high surface stiffness yields a large loop gain which makes the system oscillatory,
whcrc~s the low surface stiffness produces a small loop gain, thus preventing oscillations.
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5.4 Experiment 4: DuaI-Mocle  Contro l

As sewn ixl experiment 2, compliance col)trol  has the disadvantage that the apparent
and hcncc the contact force arc dependent o]] the reaction surface stiffness, but

stiffness
has the

advantage of using the same command input (zr) during both non-contact and contact phases
of the task. On the other hand, from experiment 3 it is evident that force control achieves
force sctpoint tracking regardless of surface stiffness; however requires switching the command
input from Zr to ~} during the transition from non-contact to ccmtact treks. III this section,
wc present the cxpcrimcntal  results for the dual-mode control schcmc  described in Section
4.3 which combines the advantages of both compliance and force control schemes ill a. single
control] cr.

in this experiment, the end-cffcctor  is under dual-mode control with

K(s) = 10
.~as + p.—. .—. —-

7S+A
(38)

The task is to approach the hard surface (steel plate), make all initial contact with a low
impact force, and then attain a desired contact force of l’; = –30Nt. The force threshold for
transition between compliance and force modes is set to j}, = --3Nt,  For 11’I < 3NtJ{(s)
acts as the compliance controller (33) by setting CY ==0.01,  /? =0.5,7=0.05, and A =:: 1. For
il’1 ~ 3Nt,  the parameters of K(s) are set to a== 0.05, @== 1.5, ~ == 1, A == O to retrieve the
force controller (37). In this experiment, the cnd-cffcctor  is initially commanded to penetrate
approxirnatc]y  5mm inside the contact surface under compliance control, and subsequently
servo to the force sctpoint  of –30Ni  under force control after contact has been established.
The cxpcrirncnta]  results are shown in Figure  11a, It is seen that the end-effcctor  impacts the
surface gently, and then attains the force sctpoint of – 30Nt, as desired. Thus, the dual-mode
controller has the advantages of a small impact force and accurate setpoint tracking. Notice
that while in force control, the position command to penetrate into the surface is treated as
a disturbance input and is suppressed by the force control] cr.

‘J’hc cxpcrimcnt  is now repeated with the soft surface (cardboard box), and the results
arc dcpictcd  in Figure 11 b. Again, the force response demonstrates a small impact force
comhincd  with accurate sctpoint tracking. The force response in Figure 11 b has a small
overshoot in contrast to Figure 11a duc to

5.s Practical Considerations

the low value of the contact surface stiffness.

]n the course of the above contact control experiments, we encountered the following practical
considerations:
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5.5 .1  Force N o i s e

‘1’he contact force signal rncasurecl  by the AI’I force/torque sensor col)tairls  a significant
noise componcnt[]  2]. This mcawrcmcnt  noise has a dctrimcnta]  effect when the control loop
has any dificrcntiating  components. ‘1’o ovcrcomc this problcm,  a first-order filter is often
emplc}ycd and the cutoff frequency is chosen so that the noise frequency lies ill the stop-band
of the filter. The ‘filtered” noise-free force signal is then used in lieu of the ‘raw” noisy
force mcasurcmcnt.  Although filtering of the force signal is an cffcctivc means for removing
the noise, it inevitably introduces an additional phase-lag into the systcln  which reduces the
stability margin and contributes to c]oscd-loop  instability. T’hcrcforc,  a stability analysis
must bc carried out when the force filter is added to the contact control systcm.

5.5.2 Effects of ~ and kP in Contact Control

‘1’hc inverse kinematic algorithm that generates the joint sctpoints  fld for the IOW-ICVC1 servos
requires both the desired Cartesian position Xd and the desired Cartesian velocity id, scc(~ ).
Therefore, the forward path contains a differentiating c]cment  acting on Xd to produce Xd.
~’hc compliance control algorithm consists of the gain kl acting on t}~c filtered force and the
gain k2 acting on the raw force, Similarly, the force control algorithtn  is composed of the
gain k i operating on the raw force integral and the gain kp operating on the raw force. ‘1’hc
i)ltcgrator  in the force control algorithm acts as a low-pass filter and attenuates the effect of
the force measurcrncnt  noise at its output. The proportional gain, on the other hand, passes
through the raw noisy force signal and reproduces the noise at its output. Since the raw force
signal contains substantial noise, the values of the gain a (= k2T)  in compliance controller
and kp in force control must be very small so that the noisy raw force signal entering the
control loop dots not drive the systcm  unstable. ‘J’his fact was confirlncd  expcrimcntal]y  since
in cxpcrirncnts  2 and 3 it was found that increasing cr and kp lcd to closed-loop instability.

5.5.3 Effect of/? in Compliance Control

In the compliance control experiment 2, it was found that ~ dctcrmincs  the apparent stiffness
of the cnd-cffector  so that increasing ~ will lead to a more compliant end-cffcctor;  namc]y
k.p == [kjl +../’jJ-l = [1 -I- /3kf]-lkJ. ‘I’he stability of the closed-loop compliance control systcm
is determined by the loop gain /?k~. Therefore, when the reaction surface is soft, a large value
for ~ can be used yielding a very compliant end-effecter; for instance, when the end-cffector
is held by the human hand which is naturally compliant, it can bc made to behave like a soft
spring. On the other hand, when contacting a hard reaction surface, a small value of ~ must
be used to ensure stability, and this rcduccs  the Cnd-cffcctor  compliance.
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5 . 5 . 4  Effect of k~ in Force Colltrol

It was found in cxpcrirncnt  3 that ki dctcrlllilles  the speed of rmq)onsc of the contact force to
the for-cc sctpoint.  When ki is small, the response is sluggish and decreasing ki will increase
the response time. On t})c other hand, when ki is large, the contact force respollds  rapidly
with some oscillations, and increasing ki will result in increased oscillations and ultimately
instability. The stability of the closed-loop force control system is governed by the loop gain
kikj.  This implies that in contact with hard surfaces , a small value of ki must be used;
whcrcm  for soft cent acts, a large value of ki can Lc adopted.

5.5.5 Kffect of  Sampl ing Frequency

In all contact control expcrimcnts,it  was found that lowering the sampling frequency of the
control system necessitates a reduction in the controller gains in order to maintain closed-loop
stability. ‘l’his, iI1 turn, leads to a poor system performance. On the other hand, increasing
the sampling frequency allows higher controller gains to bc used without encountering insta-
bility y, which leads to an improved system performance. ‘1’hcrefore, since the contact control
algorithms can be evaluated very f~st, the sampling  frequency was chosen as 40011 z,which is
the highest frequency achievable in our cxpcrimcnta]  system.

6 Contact-13ased  13ddy-(hmcnt Inspection Task
●

III this section, wc describe the utilization of the contact control schcrncs discussed in Section 4
to perform a contact-based eddy-current inspection task. The purpose of the task is to detect
fine cracks on a surface that are not noticeable using vision-based inspection techniques. The
eddy-current sensor is a small probe approximately 3 mm in diameter and 2 cm long. The
eddy-current sensor is installed on the end-cflcctor  close to the tip of the gripper.

q’o pcrforrn  the inspection task in the Remote Surface Inspection I,aboratory, the manip-
ulator is operated from the graphical user intcrfa.ce  which resides on the IRIS Workstation.
This interface is expanded to include features for the eddy-current inspection tassk, such as
selecting the control mode for each Cartesian I] OF, setting parameter values of the contact
controllers, specifying the desired force setpoint and force threshold, displaying the values
of t hc cent act forces and torques, and defining the scan path. TO perform the task, we use
the compliance, force, and dual-mode control schemes dcscribcd  in Section 4. The control is
cxccutcd  at the tool frame {T} attached to the tip of the cnd-effcctor,  which is represented
relative to the world frame {W} by the six coordinates: PZ, pv, and p= positions and #*, g$V,
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and #z orientations. The advantage of usil)g the tool frame {7’} for eddy-current inspec-
tion is that the task can be performed with the illspcc.tioll  surface in any orientation in the
workspace using the same colltrollcr  parameters. Each of the six cmd-cftcctor  coordinates
{m-, P~, P2, & 4V, A} can bC operated illd~j’cndcn~ly  from the graphical  user intcrfacc  ill any
of the four control modes: position(l)), compliaI1cc(C), forcc(l(’), and dual(l)). 2’l]c selectabil-
ity of control mode for each Cartesian I) OF’ provides the user with considcrab]c  flexibility
and versatility for executing different phases of the task.

q’hc complctc  eddy-current inspection tassk is comprised of six phases: (i) staging, (ii)
a~~]}roacl]/touclli~lg,  (iii) leveling, (iv) scanning,  (v) relaxing, and (vi) retracting. ]tach phase
is now dcscribcd  briefly:

6.1 Staging Phase

In this phaw,  the cnd-cffector  is operated in the [P, P, P, I’,1’,P] control rnodc, i.e. all 1)01+’s  arc
in position mode. Using an autonomous position command, the cnd-cffector  is moved to a
‘staging” position and orientation facing the inspection surface at a distance of approximatc]y
1 Ocm.

6.2 Approach/Touching Phase

‘1’hc cnd-cffector  control mode is now set to [F,]’’,]) ,F,F’,F], with the force and torque sctpoints
in F’-rnodc  specified as zeros and the force threshold level in D-mode set as ~’T = 3Nt. The
end-cfrcctor  is now commanded to move forward and touch the surface. Since the cnd-
cflcctor  translational z motion is now under compliance control, the forces sensed by the
wrist-mounted sensor are used to reduce the apparent stiffness of the cnd-cffector,  thereby
reducing the impact forces at contact. ‘1’his results in a gentle contact bctwccn  the end-cffector
and the surface.

6.3 Leveling Phase

Since the cnd-cffector  can potentially contact the surface at a tilted configuration, it is nec-
essary to level  the end-efiector  on the surface before initating  the scanning motion. This is
accomplished by using the previously-set control mode [F, F’,D,F’,F,F’]. This causes changes in
the end-cffector  position and orientation to nullify the forces and torques generated due to
an un]cvcl contact. The force control algorithm reduces the unwanted forces and torques to
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zero and makes the gripper fingers pivot and level  themselves. At the end of this phase,  both
fingers are in full contact with the inspcctiorl  surface.

6.4 Scanning Phase

]n this phase, the end-cffector  is operated in the [} ’,1’,1),1’,F,I~’] control rnoclc. The  P-modes
in the translational x and y axes cause the motion of the end-di’ector  on the surface. The
11-rnode  in the translational z axis maintains a constant contact force of l; = 201Vt during
scan. The F-mode with j’; =: OiVi.m ensures a good level contact between the end-cffcctor
and the surface during the entire scan. ~’hc scan path is typically a back-and-forth motion,
and the scan lines are approximate] y 20 cm long and separated by 2 cm, The  user designates
the scan path from the IRIS to cover the square AIICD of interest on the inspection surface.
‘l’he path begins at the user-designated start point A and performs a raster scan to reach
the cnd point D. The user can specify the length and scparatic~n of the scan lincs,and  time
for completion. The scan path is given to the manipulator control system in the form of a
sequence of via-points for trajectory generation,

6.5 Relaxing Phase

After the completion of the inspection, the force cxcrtcd  by the end-cffcctor  on the surface
is relaxed prior to rctra.ction. l’his  is achieved by operating in the [P, P, II, F, F’,F] control
mode with a small force setpoint  of ~r == 4Nt, so that the cnd-effecter is barely touching the
surface.

6.6 Retracting Phase

in this phase, the end-cffector  is operated in the [1’,1’,1’,1’,1’,1’] control mode. In this case,
position commands are issued to move the end-effecter to a prc-defined  position and orien-
tation so that it faces the surface at a distance of approximately 10cm.  This cornplctcs  the
eddy-current inspection tassk from the arm control perspective.

Figures 12a-12c  and 13a-13C depict the variations of the forces and torques in the tool frame
exerted by the end-eflector  during the entire inspection task. It is seen that the torques arc
reduced to zero by the controller to ensure leveling, while the contact force is maintained
around the desired sctpoint throughout the scanning operation.
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7 Conclusions

~’hrec control schemes for manipulators in contact with their environment are dcscritmcl  in this
paper. The control schemes are pra.gma.tic since they  arc based on t})c existing position  col)trol
system provided by the robot manufacturer. ‘l’his makes the sclIcmcs  eassily irnplc]ncntablc
on industia]  manipulators where access to the joint torqcs  is often not provided.

Another important feature of the proposed colitrol schemes is their simplicity which leads
to very fast computational algorithms. ‘l’his cnab]cs t,hc usc of a high sampling frequency
in the digital control implementation of the control sc}lcmcs. The frequency of sampling
is a critical issue in contact control schcrncs,sincc  the control loop contaills  a typically large
gain associated with the environmental stifiness which makes the closed-loop system unstable
at low sampling frqquencics. IT] addition to enhanced stability, a high sampling frequency
allows larger gains to bc used in the contact controller which, in turn, lead to improved
system pcrforlnancc.

Finally, it is noted that the dual-mode contact controller presented in this paper is con-
structed  from the compliance and force control modes to soften the initial impact with the
surface and subsequently achieve force regulation. ~’his combines the attractive features of
both tllc COIIlplianCe  and force control scheIJ~cs into a unified sing]e gain-scheduling contact
controller which enjoys the advantages of compli ante and force control, without suffering
from their shortcomings. This is accomplished by operating as a compliance controller at
initial impact with the reaction surface to rcducc  the force imparted on the surface, and then
switching automatically to force control to regulate the contact force when the initial contact
has been established. In this manner, each control mode is utilized when it is most appro-
priate. Thus the dual-mode controller provides a practical solution to the impact control
problcm.
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